Simian virus 40 (SV40) has been demonstrated in several types of tumors, including osteosarcoma, by polymerase chain reaction (PCR). We detected SV40 sequences by PCR, followed by hybridization, in nine of 35 osteosarcoma tumors and one of 11 osteosarcoma explants. PCR can detect fewer than one virus per cell but gives little detail of the gross structure and abundance of the virus. Analysis by Southern blotting of total DNA from ten osteosarcomas, positive for SV40 by PCR, found viral integration in half of these. Analysis showed integration of one to four copies per cell of rearranged SV40. No SV40 was detectable on blots of the remaining ®ve SV40 + osteosarcomas, perhaps because of the lesser sensitivity of direct hybridization. Inactivation of the p53 and Rb tumor suppressors is a key activity of SV40 T-antigen. Unexpectedly, correlation of these ®ndings with our prior studies indicated that ®ve of ten osteosarcomas positive for SV40 DNA had mutations of p53, and two had deleted Rb. Apparently clonal integration with pre-existing alteration of a tumor suppressor gene, suggests that SV40 may play a role in the ®nal conversion to malignant osteosarcoma.
Introduction
Simian virus 40 (SV40) and BK virus (BKV) are closely related polyomaviruses with monkey and human hosts, respectively (Fields et al., 1996) . Injection of either virus into rodents can induce tumors (Diamondopoulos, 1972; Lewis and Martin, 1979) . Tissue speci®c expression of T-antigen in transgenic mice can cause cancers in target organs or yield cells which can be grown in culture (Fox et al., 1989; Sepulveda et al. 1989) . Polyomavirus infection leads to transformation or lysis of cell lines, depending on species and cell type (Shay et al., 1993; Koprowski et al., 1964) . The early region of polyomaviruses, encoding large Tantigen, suces for transforming cells in culture (Fanning and Knippers, 1992) . Polyomavirus Tantigen protein aects cells by binding to tumor suppressors, cooperating with oncogenes and activating transcription of host genes (Fanning and Knippers, 1992; Ludlow, 1993) . Binding by T-antigen can regulate p53-mediated transcriptional activation and apoptotic pathways (Fanning and Knippers, 1992; Ludlow, 1993) . By interacting with the Rb family of proteins, T-antigen may facilitate entry of cells into S phase (Fanning and Knippers, 1992; Ludlow, 1993) .
Despite potential for being oncogenic, two polyomaviruses, BKV and JC virus (JCV) , are common in normal humans. Antibodies to BKV have been demonstrated in about 80% of normal adults (Dorries et al., 1994) . Southern blots detected BKV DNA in 30% of cadaver kidneys from patients expiring from non-cancer causes, and, likewise, BKV DNA was detected in various tissues by PCR (Chesters et al., 1983; DeMattei et al., 1995) . The signi®cance of SV40 in human tissues continues to be elucidated (Carbone et al., 1997) . Cultivation of SV40 from a melanoma is an early example suggesting a link might exist between SV40 infection and cancer (Soriano et al., 1974) . However, inoculation of 98 million people with polio vaccine contaminated with SV40 had no apparent eect on the cancer rate (Rowe and Lewis, 1968; Strickler et al., 1998) . A transformed breast cell line established from the milk of a healthy woman was shown to have integrated SV40 (Caron de Fromentel et al., 1985) . Disagreement exists about the presence of SV40 in normal peripheral blood lymphocytes; Bergsagel et al. (1992) found no SV40 in 100 samples and Martini et al. (1996) detected SV40 in four of 30 samples. Studies using PCR have found SV40 sequences in 50 ± 70% of mesotheliomas, 70 ± 90% ependynomas as well as astrocytomas and glioblastomas (Bergsagel et al., 1992; Martini et al., 1996; Carbone et al., 1994; Pepper et al., 1996; Lednicky et al., 1995) . Others were unable to detect SV40 in mesotheliomas (Strickler et al., 1996) . SV40 was also found in about one-third of 126 osteosarcomas (Carbone et al., 1996) . Sequences from SV40 were also detected in normal tissue from six osteosarcoma patients (Carbone et al., 1996) . Structural analysis of the SV40 origin of replication and the C-terminal Tantigen regions suggests that SV40 found in tumors are distinct non-laboratory strains (Stewart et al., 1996; Lednicky et al., 1995) . Overall, these observations suggest that SV40 might have a role in the pathogenesis of human cancer, or at least have a tropism to certain tumors. A recent letter to Cancer Research however, pointed out that these studies did not de®ne SV40 structure and abundance in these tumors (Strickler, 1997) . In this study we have examined the structure and measured the abundance of SV40 human osteosarcoma.
Results
Presence of SV40 and BKV DNA was detected by hybridization of blotted PCR ampli®ed DNA with virus speci®c oligonucleotides. Both BKV and SV40 were ampli®ed using the PYV primer set, speci®c detection was by hybridization with virus speci®c oligonucleotides; named SV-probe and BK-probe (Bergsagel et al., 1992) . Presence of SV40 was further checked using the SV primer set (Bergsagel et al., 1992) . Sequencing of ampli®ed fragments was used as ultimate proof of identity. These primers have been widely used to screen for SV40 and BKV in human tumors (Carbone et al., 1997) . Fragments consistent with SV40 were found in nine of 35 of osteosarcoma tumors (26%) and one of 11 osteosarcoma explants. Twenty-two of 35 tumors and three of 11 explants were positive for BKV. With a single exception, osteosarcomas positive for SV40 were also positive for BKV. No SV40 or BKV sequences could be demonstrated in the remaining 12 osteosarcoma samples. Figure 1a shows results of screening 17 osteosarcomas. Signal corresponding to BKV is seen in 13 lanes in the lower panel, and SV40 is detected in seven lanes in the upper panel ( Figure 1a ). The proportion of samples positive for SV40 is very similar to what has been reported by Carbone et al. (1996) but not as frequent as reported by Lednicky and colleagues (Lednicky et al., 1997) .
Structure and abundance of polyomavirus sequences in these same osteosarcomas was examined by Southern blotting of restriction enzyme digested unampli®ed DNA. The probes used for hybridization of blotted osteosarcoma DNA were derived from SV40, but also detect BKV and JCV, as based on nucleic acid homology. Samples were blotted after digestion with EcoRI. SV40, BKV and JCV, the polyomaviruses likely to be found in human samples, each have a single EcoRI site. Episomal viral DNA would be linearized yielding a single fragment of close to 5 kilobases in length. Virus integrated into human DNA is likely to yield two or more bands depending on viral abundance and structure. The blots were probed with a 5.2 Kb full length SV40 DNA (FL) and a 0.76 Kb fragment from the early region of SV40 (SVE). Filters were also probed with a myeloperoxidase cDNA, to establish DNA quality and quantity (Miller et al., 1990) . The SV40 probes detected two or more fragments of various sizes in ®ve of the ten SV40 + osteosarcoma samples which were positive for both BKV and SV40 by PCR. Because of sequence similarity the SV40 probes would be expected to eciently hybridize with BKV sequences; however, no bands were detected in total genomic DNA Southern blots using SV40 probes in any osteosarcoma sample positive for BKV alone. A Southern blot of six osteosarcomas positive for SV40 by PCR is shown in Figure 1b . The 15 Kb band seen in all six samples in the upper panel is the myeloperoxidase EcoRI fragment (Figure 1b ). Simultaneous hybridization with the SVE probe detected bands in sample nos. 31, 34, 58 and 69. The same set of bands were seen after hybridization with the FL probe; in addition a new larger fragment was detected in sample 34. The intensity of bands diered greatly with SV40 probe used. For example, the lowest bands in sample nos. 31 and 58 were readily detected by SVE, but were extremely weak with the full length probe. Divergence in signal strength is consistent with rearrangement of the viral genome. Fragments detected ranged in size from 1.5 Kb, in sample no. 31, to 15 kilobases in sample no. 69 ( Figure 1b) . One band out of three in sample nos. 34 and 58 are close to the size of linearized SV40. All of the other EcoRI fragments detected are signi®cantly larger or smaller than full length SV40. Southern blots of osteosarcoma Position of l-HindIII fragments, in kilobase pairs, are shown to the right of the gel. (c) DNA from sample nos. 34 and 58 were digested with XbaI, which does not cut SV40. The blots were hybridized with a full length SV40 probe. Position of l-HindIII fragments, in kilobase pairs, are shown to the left of the gel DNA digested with XbaI, which does not cut SV40, but cuts JCV and BKV twice, yielded fragments longer than 20 Kb. For example, in Figure 1c , fragments larger than 20 Kb are detected in sample nos. A34 and A58 after hybridization with the FL probe. A second fragment, 10 Kb in length, is also detected in sample no. 58. These ®ndings are consistent with integration and rearrangement of SV40 in these osteosarcomas.
In ®ve of ten osteosarcomas positive for SV40 by PCR no signal was detected in Southern blots. In the upper panel of Figure 1a clear signal corresponding to SV40 is seen for samples nos. 46 and 55 after ampli®cation and hybridization. In the same samples, no fragments were detected by direct hybridization with the full length or SVE SV40 probes (Figure 1b) . In the upper panel of Figure 1b a fragment corresponding to myeloperoxidase is seen in sample nos. 46 and 55. The latter result indicates that comparable quantities of intact DNA were loaded.
Samples from two osteosarcoma patients were particularly interesting. Osteosarcoma no. 73, a recurrent tumor from the same individual as SV40 + sample no. 58, was not positive for SV40 or BKV as examined by PCR. Insucient DNA was available from this sample for a Southern blot. A second osteosarcoma, no. 35, and apparently normal bone tissue, no. 36 were available from the patient who was the source of osteosarcoma no. 34. All three samples were positive for BKV and SV40 by PCR. Southern blots of DNA digested with EcoRI or BamHI when hybridized with SVE revealed distinct patterns for all three samples ( Figure 2 ). As EcoRI and BamHI both cut SV40 once, distinct complex patterns are most consistent with independent integration or infection events in all three samples. The fragments 5 Kb in length seen in sample no. A34 after digestion with EcoRI or BamHI are not episomal viral DNA; no fragment corresponding to supercoiled DNA is detected after digestion with XbaI (Figure 1c ). These two blots also provide clues about the abundance of integrated virus. The DNA in the ®rst lane is from COS1, an African green monkey kidney cell line with integration of a single copy of defective SV40. Image analysis of autoradiograms are consistent with two to three copies of SV40 in sample nos. 34, 35 and 36. In Figure 1b , comparing intensity of the other samples with sample no. 34 is consistent with one copy in sample 69, and two to three copies in sample nos. 31 and 58.
The SV40 derived probes used in these studies also detect JCV and BKV. The large fragments detected after digestion with XbaI are consistent with SV40. Ampli®cation by PCR followed by direct sequencing provides independent evidence that the abundant polyomavirus in these tumors is SV40. The PYV prime set ampli®es part of the T antigen coding sequences from SV40, BKV and JCV. The viral sequences detected on Southern blots is abundant and should be the main product (Bergsagel et al., 1992) . The nucleotide sequence in this region distinguishes between SV40 and the two human polyomaviruses. Prior to PCR, the DNA was digested with EcoRI and size fractionated. After PCR, the product was gel puri®ed and directly DNA sequenced using the amplifying primers. The sequence of the ampli®ed polyomavirus from osteosarcoma is identical to SV40. For example, in Figure 2c , COS1 and sample no. 34 have identical DNA sequence patterns ( Figure  3 ). The SV40 region sequenced lacks nine bases present in BKV and JCV as shown in the sequence below the autoradiogram (Figure 3 ). Together these ®ndings are consistent with integration of SV40. p53 Codon number and mutant amino acid (Miller et al., 1996a) . Fold ampli®cation of the MDM2 gene (Miller et al., 1996a 
Discussion
Nine of 35 osteosarcomas tumors and one of 11 osteosarcoma explants, were found to be positive for SV40 by PCR. This approach has been shown to detect as few as 0.01 copies of polyomavirus per cell in 0.2 mg of DNA (Bergsagel et al., 1992) . A small number of infected cells, containing abundant virus, could easily account for these observations. Hybridization with a full-length SV40 probe of EcoRI digested osteosarcoma DNA detected fragments ranging in size from 1.5 to 15 kilobases in length in ®ve of the ten SV40 positive samples. Hybridization with a short early region SV40 probe detected almost all of the same bands. Since EcoRI cuts SV40 once, multiple bands suggest integration. Digests with XbaI, which does not cut SV40, yielded fragments larger than SV40. Comparison with COS1, which bears a single copy of integrated SV40, indicates that there are from one to four copies of SV40 in these osteosarcomas. In ®ve of the ten osteosarcomas SV40 + by PCR no signal was detected after hybridization with a SV40 probe. Because detection by PCR is orders of magnitude more sensitive than Southern blotting, this result suggests infection or integration of SV40 in a minority of cells in these samples. The SV40 probes used in Southern blot analysis could be expected to detect BKV and JCV. Identi®cation of integrated virus was established by direct sequencing of ampli®ed DNA. Furthermore, the integrated virus was not cut by XbaI which can digest BKV and JCV but not SV40.
The fragments detected in Southern blots of osteosarcoma DNA are reminiscent of integrated virus in cell lines transformed by infection with SV40. In these lines one or more copies of rearranged and defective SV40 are detected, typically integrated in tandem (Botchan et al., 1976; Sambrook et al., 1980; Caron de Frometel et al., 1985) . Enzymes cutting integrated virus once, yield two or more fragments (Botchan et al., 1976) . Cutting with an enzyme which does not cut the virus usually yields a single fragment larger than SV40 (Botchan et al., 1976) . Fragment sizes of SV40 detected on Southern blots of osteosarcoma DNA digested with single and non-cutting enzymes were consistent with integration of SV40 DNA. Previous studies by others make it clear that resolving the exact structure will require genomic cloning and sequencing (Botchan et al., 1976; Sambrook et al., 1980 : Caron de Frometel et al., 1985 . Inactivation of the origin of replication or the early region of SV40 is a prerequisite for stable integration of SV40. The large T antigen of the virus promotes replication from the origin causing localized onion skin ampli®cation (Hunter and Gurney, 1994 ). This in turn causes genomic instability characterized by both duplications and deletions of SV40 and¯anking DNA. The result of this is that integrated SV40 DNA is usually rearranged. By contrast, Origin defective SV40 DNA, used to transform cells, is usually integrated as a tandem repeat (Neufeld et al., 1987) .
There are several possible eects of SV40 integration in osteosarcoma. Persistent expression of T-antigen could contribute to the oncogenic phenotype by its eect on tumor suppressor genes and other cellular genes (Fanning and Knippers, 1992) . Constitutive expression of T antigen plays an important role in the transformation of cells in culture by SV40 (Neufeld et al., 1987) . Integration of SV40 could both activate genes by providing a strong promotor, and inactivate endogenous genes by direct disruption. Inactivation of tumor suppressor genes by rearrangement is a property of a subset of osteosarcomas and of few other cancers (Miller et al., 1990) . There is as yet no data showing that tumor suppressor gene rearrangement in osteosarcoma is eected by hit and run integration of SV40. It is also possible that SV40 integration may be unrelated to cancer; SV40 may be a passenger virus in the clone developing into the tumor. Sample no. 36 is apparently normal bone, and others have reported SV40 in normal bone (Carbone et al., 1996) . Finally, it may be possible that integration is tolerated by cells which have multiple tumor suppressor and oncogene alterations. On the other hand, in samples where SV40 is detected by PCR but not on Southern blots it is possible that presence of SV40 is adventitious.
The osteosarcomas examined in this paper have been studied for alterations of tumor suppressor genes (Table 1) (Miller et al., 1990 (Miller et al., , 1996a (Miller et al., ,b, 1997 . Five of the ten osteosarcomas containing SV40 sequences have p53 missense mutations and SV40 integration was detected in three of these ®ve ( cyclin dependent kinase inhibitor (Table 1) . The point mutation studies indicate that almost all cells in the osteosarcoma samples listed are aected with the mutation (Miller et al., 1996a) . The rate of tumor suppressor gene alterations in osteosarcomas with SV40 is similar to what is seen in other osteosarcomas. The ten osteosarcomas containing SV40 were not unusual for other characteristics such as patient age, gender or tumor site. Osteosarcoma sample nos. 34 and 35 from the same patient, have identical alterations of p53 but dierent patterns of SV40 integration; a normal bone sample from this same patient was also positive for SV40. Sample nos. 58 and 73, two osteosarcomas from the same individual, have identical alterations of tumor suppressor genes, while SV40 could be detected only in no. 58. The integration of Figure 3 Polyomavirus detected in osteosarcomas is SV40. DNA from sample no. 34 and COS1 DNA were ampli®ed with primer set PYV and gel puri®ed. The fragments were sequenced using Sequenase and end-labeled primer PYVrev. The DNA sequences of this region in SV40, BKV and JC virus are shown below the autoradiograms SV40 in sample nos. 34, 35 and 58 probably occurred after p53 and Rb structural alterations. Furthermore, sample no. 73, a recurrence of osteosarcoma sample no. 58, was negative for SV40. In these two patients at least, SV40 integration would appear to occur late in oncogenesis of osteosarcoma. Cell transformation by SV40 is mediated in part by inactivation of the p53 and Rb tumor suppressors by T-antigen. Transformation by T-antigen is also mediated by transcriptional activation and accumulation of many cell products (Fanning and Knipper, 1992; Damania and Alwine, 1996) . For example, increased expression of insulin-like growth factor receptor is required for SV40 growth stimulation (Porcu et al., 1992) . This study answers several of the outstanding issues recently raised concerning the role of polyomavirus in human tumors (Strickler, 1997) . SV40 in human osteosarcoma is shown to be integrated in a clonal manner in half of the cases that are positive for SV40 by PCR. In the remaining SV40 PCR-positive osteosarcomas, the abundance of SV40 was below the detection limit of Southern blotting. The structure of the virus in these samples is as yet unknown. The presence of altered tumor suppressor genes and the heterogeneity of SV40 in multiple tumors from the same individuals are consistent with SV40 infection and integration being a late event in the formation of osteosarcomas.
Materials and methods

Samples
DNA from peripheral blood lymphocytes from a normal human and CV1 African green monkey kidney cells served as negative controls, while DNA from COS1 and W138 VA13 were used as positive controls. Eleven of the osteosarcomas were maintained as explants in mice; none were passaged more than ten times. Tumors, collected with the assistance of the Human Cooperative Tissue Network, were received frozen and processed as described (Miller et al., 1990) .
Polyomavirus detection strategy
Oligonucleotides were synthesized by Life Technologies Inc., Gaithersberg, Maryland, USA. Polymerase chain reaction (PCR) was performed using 100 ng DNA, 0.2 mM dNTP, 1.5 mM MgCl 2 and Taq polymerase (Life Technologies Inc., Gaithersberg, MD, USA) in the reaction buer provided by the supplier. Samples were labeled by the addition of 1 mCi 32 P-dCTP to each sample. Parameters of the thermal cycler were 958C for 30 s, 558C for 30 s and 728C for 60 s for 35 cycles. After ampli®cation, samples were separated on 3% agarose TBE gels, blotted onto Bio Trans nylon membranes, then hybridized with speci®c probes. Samples were screened using the PYV and SV human polyomavirus primer and probe sets introduced by Bergsagel et al. (1992) . The probes used to hybridize ampli®ed DNA are named BK-probe and SV-probe (Bergsagel et al., 1992) . These probes have been widely used to analyse polyomavirus sequences in human tissues and tumors (Carbone et al., 1997) . Speci®city and sensitivity of the probes were tested using the SV40 transformed COS1 cell line, the BKV containing clone pBKV and the JCV containing clone pJCV1 (Acquired from ATCC, Rockville, MD, USA). Identity of the fragment was con®rmed by direct sequencing of DNA ampli®ed with the PYV primer set and then gel puri®ed. The PYV primer set will amplify any of the three known human polyomaviruses. Direct sequencing was accomplished using endlabeled PYV primers and Sequenase (Miller et al., 1996) . Resulting reactions were separated on 8% acrylamide urea gels and exposed overnight.
Southern blotting
Eight micrograms of each sample, digested with 50 units of enzyme for 2 h, were separated on 1% agarose gels at 50 volts. The digest was checked by ethidium staining, sister digests of l DNA and hybridization with cellular probes. The gels were transferred to Biotrans nylon membrane and hybridized overnight at 428C using 5610 6 d.p.m./ml 32 Plabeled probe, and the ®nal rinse of the blots was 0.16SSC at 658C
32 . The probe speci®c for the early region of SV40, referred to as SVE, was produced from COS1 cells using primers SVEA: AGCAAAGCAAGCAAGAGTTC, and SVEB: TAGGTCTTGAAAGGAGTG. Full length SV40 was isolated from pBRSV by excision with BamHI. The quality and quantity of DNA were checked by hybridizing with a probe for myeloperoxidase (Miller et al., 1996) .
